The degree of anisotropy is calculated for the mid-ocean currents estimated from satellite altimetry and simulated with a numerical model of the Pacific Ocean. A high resolution eddy-permitting model is used for its ability to simulate mid-ocean multiple zonal flows, crucial for the evaluation of the degree of anisotropy. Using a commonly defined parameter of anisotropy, α, that falls between −1 and 1 and equals 0, −1, and 1 for an isotropic, purely meridional, and purely zonal flow, respectively, it is found that α increases from nearly zero for weekly data to significantly positive values for seasonally and annually averaged data.
Introduction
In the last decade the analyses of high-resolution satellite data have greatly enhanced our knowledge about the spatiotemporal structure of sea surface currents. Using a global data set from satellite altimetry, showed that the geostrophic currents derived from the observed sea surface height exhibit multiple zonal-jet structures upon time averaging, consistent with recent discoveries of mid-ocean jets in eddy-permitting ocean model simulations (Nakano and Hasumi 2005, Richards et al. 2006) . These recent findings raise many interesting questions, the most basic of which concerns the realism and robustness of the multiple zonal "stripes" in the velocity field. In recent studies the discussion on mid-ocean jets is often based on the map of the zonal component of the velocity, u, or that of the geostrophic velocity, u g . Given that u g is proportional to the meridional derivative of sea surface height (SSH), h, a random isotropic field of h could already correspond to east-west banded structures in u g even when no real zonal jets exist. In this case, the meridional geostrophic velocity, v g , would exhibit north-south stripes since v g is proportional to the zonal derivative of h. (See Appendix A.) The flow field is not truly zonally anisotropic if the north-south stripes in v g are as strong as the east-west stripes in u g . There is indeed a hint of this situation in a typical example, shown in Fig. 1 , of a set of weekly fields of u g and v g over the North Pacific derived from satellite altimetry (detail in Section 2). Figure 2 is similar to Fig. 1 but for 50-week averaged fields of u g and v g . Here, after substantial time averaging, the east-west stripes in u g become much stronger than the (still visible) north-south stripes in v g , indicating that zonal anisotropy is real on the 50-week time scale. (Alternatively, one can also show X -4 HUANG ET AL.: ANISOTROPY OF MID-OCEAN CURRENTS that the zonal jets are real by demonstrating their existence in the vorticity field, as did . In this study we choose to analyze the velocity field as the vorticity field is noisier and not ideal for a visual comparison of the observations and the model simulation.)
The examples in Figs. 1 and 2 suggest two points for investigations. First, to solidify the claims made in recent studies of the dominance of multiple zonal flows in the mid-ocean, it is useful to consider both u and v components and quantify the degree of anisotropy of the velocity field. Secondly, the degree of anisotropy and the zonal-jet structure of the flow field clearly depends on time averaging. For example, suggested that time averaging of westward drifting eddies may lead to a visually zonaljet like structure. Thus, the time scale at which zonal anisotropy emerges may provide a useful hint for the dynamics of the zonally coherent structures. Anticipating future investigations in this direction, in this study we will perform straightforward calculations of the degree of anisotropy for the velocity field as a function of the length of time averaging for both observations and a numerical simulation.
Observations from satellite altimetry and a simulation based on an eddy-permitting model for the Pacific are used in this study. Although sparse in-situ observations exist for the surface and deep ocean currents, we choose the altimetry data for its extensive and uniform spatial-temporal coverage at high resolution that are needed for our calculation.
Satellite data only provide information for the surface. They are complemented by the ocean model simulation that produces both surface and deep ocean currents. A crossvalidation of the simulated and observed currents at the surface will help reassure the reliability of both data sources. The model used here is eddy-permitting, guided by X -6 HUANG ET AL.: ANISOTROPY OF MID-OCEAN CURRENTS averaged data sets (based on non-overlapping N-week segments, e.g., there are 127 such segments for N = 5) are constructed from the weekly data, with selected values of N = 1, 5, 10, 20, 50, and 100. (N = 1 corresponds to the "unaveraged" weekly data.)
The altimetry data used here is the anomaly relative to the long-term (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) mean.
The long-term mean of the altimetry SSH includes geoid that is unrelated to geostrophic ocean currents. The construction of the absolute dynamic topography based on different combinations of satellite and in-situ data is by itself a complicated issue (e.g., Tapley et al. 2003 , Maximenko and Niiler 2005 , Jayne 2006 ). We will first focus on the anomalous SSH in the analysis of the satellite data, deferring a discussion on the absolute velocity to later sections.
In addition to the long-term mean, the mean seasonal cycle, defined as the sum of the averaged annual and semiannual harmonics, is also removed from the SSH in our major calculations for both satellite observations and the model simulation. We have tested selected cases to ensure that the removal or addition of the seasonal harmonics does not affect our conclusions.
Degree of anisotropy
The degree of anisotropy of the horizontal velocity for a given spatial domain is defined by
where u 2 indicates the area-weighted domain average of u 2 . The domain averaged velocity is removed before the calculation of the variance. For the satellite data, geostrophic velocities (u g , v g ) are used in the places of (u, v) in (1). The definition in (1) is standard and has been used elsewhere for the studies of quasi-two-dimensional flows (e.g., Shepherd 1990). Note that −1 ≤ α ≤ 1 and α = 0, −1, and 1 for an isotropic, purely meridional (north-south) ,and purely zonal (east-west) flow, respectively. The value of α is connected to the horizontal aspect ratio of the disturbances in the flow field. Consider for instance a disturbance with ψ ∼ exp[i(k x x + k y y)] in a non-divergent flow where ψ is the stream function and k x = 2π/L x and k y = 2π/L y are horizontal wavenumbers. Using the relation, (u, v) = (−∂ψ/∂y, ∂ψ/∂x), and (1) we obtain
The values of α are calculated for the whole North Pacific (north of 12 • N) domain and for several of its sub-domains, shown in Fig. 2b as the boxes. They include Box 1 in the Eastern Pacific far away from the western boundary currents (but including some eastern boundary currents), Box 2 to its west that contains some of the extensions of the western boundary currents, and Box 3 in the far North Pacific, an area that includes significantly non-zonal bottom topography and boundary currents. depending on the location. The lower value of α for Box 3 may be due to the permanent anisotropic signatures in the flow in that region associated with the Aleutian boundary current. Note as well that in the higher latitudes the eddies are generally smaller due to a larger Coriolis parameter and, hence, a smaller deformation radius (Chelton et al. 1998 from the last 12 years, comparable in length to the satellite data, of a 20-year run will be used. Unlike the satellite data, the model simulation produces a straightforward longterm mean of the velocity field. For a comparison with satellite data we will first analyze the anomalies but will restore the long-term mean in a later discussion. is also similar to its counterpart in satellite data. Note that the east-west stripes in u are also visible in the one-year mean in Fig. 4b and even the long-term mean in Fig. 4a , although they are not as prominent as those in the anomaly field in Fig. 4c .
Degree of anisotropy at the surface
We first evaluate α for the simulated anomalous surface velocity for a direct comparison with the satellite observations. The statistics of α, the counterparts of Fig over the North Pacific and Boxes 1 and 2, α is close to zero for N = 1, confirming that the unaveraged weekly velocity field is nearly isotropic.
In the above calculation we have used the full velocity because it can be readily compared with the simulated velocity fields in the deep ocean. Since the scales of the zonal jets of our interest mostly fall within the range in which geostrophic approximation is valid, our main results concerning the degree of anisotropy remain very similar if the surface velocity field is replaced with the surface geostrophic velocity field derived from the simulated SSH. This is demonstrated in Appendix C (Fig. 13 ).
Degree of anisotropy at 1000 m
The model simulation provides additional information of the flow fields in the deep ocean. Figure 6 shows the counterparts of Fig 
The Tropics
We have so far excluded the Tropics from our discussion, partly to circumvent the inaccuracy in the geostrophic velocity derived from the satellite-observed SSH but also due to the consideration that the zonal currents in the Tropical ocean are governed by dynamics different from that governing the extratropical mid-ocean currents of our interest.
Nevertheless, since east-west stripes in u are clearly visible at low latitudes in the model simulation, for completeness of this work, α is calculated from the simulated velocity at the surface and at 1000 m as shown in Fig 
Discussion
We have shown that a 20-to-50 week average generally leads to significantly positive zonal anisotropy of the velocity field at both surface and 1000 m. This finding supports the uses of 18-week to multi-year averaged u field in identifying the mid-ocean zonal jets in recent observational and modeling studies , Richards et al. 2006 ). The unaveraged velocity field is found to be nearly isotropic. This may reflect the direct influences of high-frequency random atmospheric forcing. Notably, at the weekly time scale, the velocity at the surface is especially close to isotropy while that at 1000 m -away from the atmospheric influence -is slightly zonally anisotropic.
The time scale we found on which zonal anisotropy emerges is also consistent with an early analysis by Cox (1987) , who considered the structure of the stream function ( 1996) . For the current discussion, it is interesting to derive α as a function of the averaging time, T , from a simple setting that mimics a field of drifting eddies.
Assuming a constant east-west drifting velocity, U , and an initially isotropic field of eddies with a spatial scale L x = L y = R. Averaging over time, L y remains unchanged but the drifting leads to L x = R + U T . Using Eq.
(2), one obtains
where γ = U/R is a constant. For example, choosing R = 50 km (typical for the mesoscale eddies) and U = 1 cm/s gives γ −1 ∼ 8 weeks. Figure 10a shows selected curves of α(T ) with γ −1 = 8, 16, 32, and 64 weeks. Qualitatively, these curves exhibit some of the characteristics of the observed α, with α = 0 at T = 0 and α increases with T . However, superimposing over these curves the values of α from the observation and ocean model simulation (symbols in Fig. 10a ) does not reveal a good fit of the data. The goodness of fit can also be measured by the extent that γ remains a constant (independent of T ) for the observed or simulated data. Using the relation This example only considers the simplest setting, with a strictly east-west drift velocity (ignoring the expected slight north-south drift and the cyclone-anticyclone asymmetry, Morrow et al. 2004; Chelton et al. 2006 ) and a fixed shape of the eddies as they drift.
Nevertheless, it illustrates that it is not trivial to explain the zonal anisotropy by consid- ering only a simple drift of the eddies. More complicated mechanisms may be needed to quantitatively explain the observed and simulated jet streaks.
The non-isotropic dispersion relation of Rossby waves
In contrast to the "drifting eddy" point of view, one may consider another limit when the ocean is occupied by approximately linear waves that preserve their dispersion relation.
The linear wave thinking is often adopted for studying the large-scale disturbances in the atmosphere. To draw an analogy, note that a similar behavior of an increasing α with T is known for the synoptic and low-frequency variability in the atmosphere. High-frequency (e.g.,T ∼ 1 week) disturbances tend to be meridionally elongated while low-frequency (e.g., T > 1 month) ones are zonally elongated (Wallace and Lau 1985) . Because largescale, low-frequency disturbances in the atmosphere are dominated by Rossby waves and are nearly barotropic, one could possibly interpret this behavior as a consequence of the dispersion relation of the barotropic Rossby wave modes, ω k = −βk x /(k x 2 + k y 2 ), where ω k is the frequency of the k-th mode, k = (k x , k y ) is the wavenumber vector, and β is the meridional gradient of the Coriolis parameter, f . For a given total wavenumber, K = (k x 2 + k y 2 ) 1/2 , zonally elongated disturbances (k x < k y , a special case is the zonal mean flow with k x = 0) are more capable of surviving a low-pass temporal filter because they have lower frequencies.
(For simplicity, we ignore the effect of the climatological mean flow on ω k , which is important for the atmosphere, e.g., Simmons et al. 1983 ). Thus, the value of α for the wave field increases after time averaging.
The above argument relies on the fact that the dispersion relation of Rossby waves is non-isotropic, in the sense that ω k is not invariant under a swapping of k x and k y .
Quantitatively, it is complicated to test this idea for the ocean, due to the presence therein of many different wave modes (barotropic and baroclinic Rossby, gravity, etc.) that possess different dispersion relations. As a pedagogical example, in Appendix D we illustrate the increase of α with T for a random wave field that consists of only the barotropic Rossby wave modes. In that model, the value of α at large T turns out to be not unreasonable compared to the observation, although the behavior of α at small T is less realistic and the value of α is found to be somewhat sensitive to the choice of the prescribed energy spectrum of the unaveraged wave field.
Dynamical pictures and beyond
The scenarios discussed above represent the two limits of idealization (eddies that preserve their shape vs. waves that preserve their dispersion relation). The real world is likely located somewhere in between. Nevertheless, the simple examples serve to illustrate that, in principle, a theory for the mid-ocean currents or eddies/waves should be able to predict the behavior of α, which can then be verified with those obtained from the observations or comprehensive model simulations. useful to note that, for Rossby wave turbulence, the triad interaction that forms the basis of the up-scale energy cascade inherently implies a tendency toward zonal anisotropy by
Hasselmann's lemma (see Rhines 1975 , Fu and Flierl 1980 , Huang et al. 2001 . In short, it dictates that energy be transferred from high frequency to low-frequency modes but the latter have stronger zonal anisotropy for Rossby waves. Thus, the values of α shown in Figs. 3, 5 , and 7 might also be used as a constraint to verify a proposed dynamical process for the formation of jet streaks in mid-ocean.
Lastly, we note that several recent studies have also attempted to interpret the anisotropic property of the observed sea surface disturbances from different perspectives. Maximenko and Niiler (2006) noted that the mid-ocean jet streaks are not always strictly zonal but they often have a tilt. The tilted structure is interpreted as stationary Rossby waves standing in the large-scale background flow. (In the context of our analysis, stationary Rossby waves by definition will survive time averaging for any values of T .) Logan et al. (2006) and Sen et al. (2006) found practical isotropy in the weekly surface geostrophic velocity from altimetry but they also suggested the existence of persistent small-scale anisotropic structures in the flow field that are independent of time averaging. How to reconcile and unify all of the above point of views is a major task for future studies.
Concluding remarks
Our analysis of α provides a quantitative support for the claimed basin-wide "zonality"
(dominance of zonal velocity in the flow field) in the surface and deep ocean currents based on 18-week to multi-year averaged u velocity , Richards et al. 2006 ). On these time scales, the degree of anisotropy is found to be significantly positive and similar in value in both the surface velocity field from satellite altimetry and is the total wavenumber. (In the ensuing argument, K −p can also be replaced by a more general function, H(K), that depends only on the total wavenumber.) By using the geostrophic relation between u and h in spectral space, u k ∼ ik y h k , the "energy spectrum" for the u-component of geostrophic velocity becomes | u k | 2 ∼ k y 2 K −p , which is not isotropic but has more energy in the Fourier components with | k y |>| k x | (those with a zonally elongated structure) than in those with | k x |>| k y |. The opposite is true for the v-component of the geostrophic velocity, with | v k | 2 ∼ k x 2 K −p . However, putting u and v together, the energy spectrum for the velocity vector field (u, v) is isotropic
Similarly, the energy spectrum of the stream function or vorticity field constructed from the velocity vector is also isotropic.
Appendix B: ROMS model domain and bathymetry
The model domain for the Pacific run used in Section 3 is shown in Fig. 11 . Although our analyses are focused on the North Pacific, the model covers part of the South Pacific and the entire Tropical Pacific. A realistic bathymetry is used, as also shown in Fig. 11 .
Note that the choices of the bathymetry (realistic vs. flat-bottom) may affect the temporal behavior of the simulated zonally elongated structures in mid-ocean, as demonstrated by Nakano and Hasumi (2005) . The model has adjustable, terrain-following, vertical levels.
For the model run used in this study, 42 vertical levels are used. Fig. 12 illustrates the distribution of the vertical levels along the cross section at 40N. The velocity fields at X -20 HUANG ET AL.: ANISOTROPY OF MID-OCEAN CURRENTS Appendix C: Calculation of α using simulated surface geostrophic velocity
To show that the behavior of α analyzed in Section 3.2 remains similar when the surface velocity is replaced with surface geostrophic velocity, the calculations shown in Fig. 5 for the anomalies are repeated for the geostrophic velocity derived from the simulated SSH. Similar to the treatment for the anomalous velocity, the anomaly of the SSH is obtained by removing its long-term mean and the first plus second annual harmonics.
The geostrophic velocity is then calculated from the height field anomaly with a fourthorder finite difference scheme. The values of α computed from the geostrophic velocity field are shown in Fig. 13 in the same format as Figs. 3 and 5.
Appendix D: Increase of α by temporally averaging a Rossby wave field
As discussed in Section 4.2, time averaging can affect the degree of anisotropy of a wave field if the dispersion relation of the waves is non-isotropic. Quantifying this effect for the ocean is not trivial due to the presence of many different types of waves with different dispersion relations. Just for demonstration, here a simple example is given by considering a random field of only the barotropic Rossby modes with an isotropic spectrum, | ψ k | 2 ∝ K −p , where ψ is the barotropic stream function. We use p = 3, 3.5, and 4, values that are arbitrarily chosen but partly inspired by the considerations that the globally averaged wavenumber spectrum for the observed SSH has a slope between −3 and −4 (Stammer 1997) . The contours of constant energy and constant frequency, the latter based on the dispersion relation, ω k = −βk x /(k x 2 + k y 2 ), in the wavenumber plane are illustrated in Fig. 14a . For simplicity, we consider a 10000 km by 10000 km square domain upon which the wavenumbers k x and k y are non-dimensionalized. The value of β is held constant using its value at 40N. (The frequency contour plot in Fig. 14a is similar D R A F T June 6, 2007, 1:20pm D R A F T X -21 to that used by Vallis and Maltrud (1993) for a different line of discussion on Rossby wave turbulence. Here, we only use it to illustrate the effect of a linear temporal filter without further implications for the nonlinear dynamics of turbulence.) In Fig. 14a , low-pass filtering with a cut-off frequency ω 0 is equivalent to cutting out the shaded area enclosed by the solid contour for ω = ω 0 . As such, the filter removes meridionally elongated modes (those with k x > k y ) but spares zonally elongated modes, effectively increasing the zonal anisotropy of the flow field.
The values of α for this system as a function of T , the cut-off period (in number of weeks, N) for the low-pass filter, are shown in Fig. 14b for p = 3 (black solid), p = 3.5 (black dashed), and p = 4 (black dot-dashed). The calculation of α is done numerically in spectral space with a truncation at total wavenumber 300. The values of α are somewhat sensitive to the parameter p. Also shown in Fig. 14b are two further examples with p = 3 but with the value of β changed to that at 50N (gray dashed) in one case, and with the maximum wavenumber of spectral truncation changed to 250 (gray solid) in another.
Again, they exhibit some sensitivity as the model parameter varies. The observed value of α at the surface for the North Pacific (from Fig. 3a) for T = 100 weeks is indicated in Fig.   14b as the horizontal dashed line. This is not meant to be a comprehensive comparison but to show that this simple scenario produces values of α that are comparable in magnitude with those observed. The velocity field in the real ocean consists of a much more The gray scales for depth are 0.5, 1, 2, 3, 4, 5, 6, 7 km. Areas that are shallower than 500 m are white. averaging (in number of weeks, N) for the idealized model for p = 3 (black solid), p = 3.5 (black dashed), and p = 4 (black dot-dashed), all with the value of β for 40N and a spectral truncation at total wavenumber 300. The two gray curves are the cases with a similar setting as the black solid curve but one with a truncation at K = 250 (solid) and
another with the value of β given as that at 50N (dashed). The horizontal dashed line indicates the observed value of α at N = 100 for the North Pacific taken from Fig. 3a .
